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ABSTRACT
Differential cross sections for the 3He(7 ,pp)n reaction were 
measured with a bremsstrahlung beam for kinematics selected in the 
quasi-free two-nucleon region with neutron recoil q„«0. Five photon 
energy points were taken between 200 and 440 MeV. The two proton 
detectors were positioned in such a way that the angle of one 
proton, in the CM of the pp pair, relative to the photon direction 
is 75*. The data confirm the predicted quenching of the cross 
section. In the photon energy region from 310 to 440 MeV the data 
are in agreement with a theoretical prediction based on a 
diagrammatic description of the process. At lower energies (200 to 
310 MeV) the data are about 40% to 70% higher than the predictions. 
However the shape of the proton momentum spectrum is reproduced 
when three body mechanisms are included.
CHAPTER I 
INTRODUCTION
The photoabsorpt ion reaction has been investigated 
experimentally in a wide range of nuclei from aBe to 208Pb. The total 
absorption cross sections versus the 7 energy, divided by the 
corresponding number of nucleons, form a universal curve (Fig. 
1.1), which indicates that the few-body mechanism dominates this 
processLAG81A,BER8*,XCCM). Therefore studying and revealing the degrees 
of freedom of the few-body system has great importance for solving 
many-body problems.
A systematic investigation of photoabsorption on hydrogen, 
deuterium, and helium in the medium energy range provides us with 
plenty of experimental data to discuss the properties of few-body 
systems. Especially the characteristics of one-body and two-body 
systems have been extensively studied. For two-body system 2H with 
a T=0 pn pair, the mechanisms of photodisintegration is fully 
understood. But photodisintegration of a pp pair, with T=l, has not 
yet been experimently investigated. 3He is the simplest system 
which includes a pp pair. Our motivation for the study of the
3He(7,pp)n reaction is to understand the mechanisms of real photon
s.
absorption on a nucleon pair with isospin T=l, and to investigate 
two-nucleon correlations in nuclei as well as the importance of 
three-nucleon effects. This experiment was exploratory in nature.
In this chapter we will discuss phenomenologically the 
mechanisms involved in photoabsorption reaction to analyze the
1
interplay of each specific mechanism and to investigate the 
internal degrees of freedom of the nuclear system. The relevant 
diagrams for three different processes are displayed in Fig. 1.2, 
which is based on Laget's methodology18688.
Photoabsorption on 3He through the 3-nucleon break up channel 
can involve one-nucleon process (IN), with the other two nucleons 
being spectators; or two-nucleon process (2N), with the other 
nucleon being spectator; or three-nucleon process (3N). Diag. a and 
b represent the IN processes and Diag. c, d, e, and f are 2N 
processes. For the 3N process two different channels are discussed 
here. The first channel is 7N-+Njt, followed by rNN-»NN, as shown in 
Diag. g, h, and i; and the second channel is -yN-»Ninr, followed by 
jt7tNN-»NN, as shown in Diag. j. The mechanisms of the elementary 
processes of photoabsorption on one-nucleon and two-nucleon systems 
are discussed in section 1.1. Section 1.2 deals with the mechanisms 
of the 3N process based on the discussion in section 1.1.
For convenience of discussion, the Feynman diagrams 
corresponding to the one-pion photoproduction, which include the 
Born terms and the A term are displayed in Fig. 1.3. For 7 energies 
less than 500 MeV the theoretical calculation of Born terms in 
pseudo-vector coupling (PV) accounts well for the pion 
photoproductionBL077,0I's7S'raC89,D0M73), so only the PV Born terms are 
discussed here. The first term is nicknamed the direct term; the 
second term is the cross term; the third term is the photoelectric 
effect term, as the photon interacts directly with the meson cloud 
around the nucleon. The pion has no magnetic moment and the
2
interaction occurs via the electric charge, and therefore the 
photoelectric effect term is effective for charged pions only. The 
fourth term called 'seagull' term is necessary for satisfying gauge 
invariance of the sum of the Born terms. In Fig. 1.3 the A (1236) 
is represented by a double line. Fig. 1.4 presents the relevant 
diagrams for the reaction of the two-pion photoproduction on a 
nucleon, the first term is called contact term and the second is 
the pion photo-electric term.
1.1 Photoabsorption on one- and two-nucleon systems
1.1.1 7N-»Njt and 7N-»Nmr processes for a free nucleon
Below E7=500 MeV the absorption of a photon on a free nucleon 
is dominated by the pion-photoproduction 7N -*• Njt reaction. The 
threshold for one-pion production is at a 7 energy of 150 MeV. Two- 
pion production becomes possible around 300 MeV, and so below this 
energy there are only four possible reaction channels on a nucleon, 
namely:
7p-*nir+, 7p-»pir0, 7n-*pjr', 7n-»n*r°.
Below 500 MeV the cross section of the pion photoproduction, 
for 7p->njr+ reactionruj77,BOL71), features a strong variation in the S- 
channel, due to excitation of the A-baryonic resonance which 
dominates near 300 MeV and a slowly varying background contributed 
by the Born terms which dominates near the pion threshold and below 
(Fig. 1.6). In the A (1236) resonance region, the leading Born terms 
either vanish or cancel each other. In this region the final state
3
interaction plays an important role: the pion-nucleon rescattering 
effects are small; whereas the charge-exchange pion-nucleon 
rescattering effects are much larger*0076'*0077’. The experimental data 
are presented in Ref. GOV67, ADA69, BUR63, AMS72b, DAM70, FUJ77, 
FUJ72A, FUJ72B.
For neutral pion photoproduction, 7N -* Nr°, near the pion 
threshold the elementary reaction amplitude, including both the 
Born term and the A term, is one order of magnitude smaller than 
the charged-pion photoproductionLAG78'LAZ77'0SL76 BL077> (Fig. 1.7) due to the 
suppression of the Born terms: the direct term and the cross term 
cancel each other; alternatively it can be said that the electric 
dipole absorption is not important for neutral pion 
photoproduction. For higher energy, about E7*300 MeV, the cross 
sections of 7P -*■ pw° and 7P -*• nr+ are comparable to each other.
The last two reactions, 7n->pjr~ and 7n-*nx°, were studied 
indirectly using deuterium as the target material, and the data 
were interpreted by taking into account the influence of the second 
nucleon**068’. The 7D-»ppr" reaction has been used to extract the 
7n-»p7r~reaction cross section which looks similar to that of the 
7p-*nr+ reaction. The experimental value of the ratio a(7n -*• pr' 
)/a(7P -► iur+) is found to be 1.30±0.02*°*69) and 1.28±0.08BUR63) 
respectively.
The 7N -*• Ninr channel, for the reaction 7p-»*>+p, opens near E7= 
300 MeV and the cross section becomes significant near E7= 400 MeV. 
Near E7=500 MeV the cross section rises rapidly and amounts to 
about 1/3 of the cross section of the 7N -*• Nr react ion*8868’ and at
4
600 MeV it reachs a broad maximum. This behavior is characteristic 
of the threshold creation (in a relative S-wave) of a jt-a pair. The 
contact term and the pion photo-electric term (Fig. 1.4) dominate 
the reaction and account for 75% and 25% respectively10*68,11*71’. The 
contribution from the channel with a jt°a+ intermediate state 
vanishes; and the ratio between the cross sections 7p-*Jr+A°[pjr'] and 
7P-»jr'A++[pir+] is 1/9, which is very well predicted by isospin 
coef f icientsLAG81B.
1.1.2 7N-+N one-nucleon process for a few-body system
For a few-body system, due to the energy and momentum 
conservation laws, for the one-nucleon 7N-»N process, the target 
nucleon needs excessive high momentum to absorb a real photon. This 
process is strongly suppressed, because the probability to find a 
nucleon in a nucleus with high internal momentum and far away from 
its mass shell is smallARE8*,8MS72A). For instance, the fermi momentum 
width of the nucleons in 3He is about 100 MeV/c and at E7=100 MeV 
the photon probes the one-body wave function at a momentum of about 
300 MeV/c. The IN process dominates the photodisintegration 
reaction 7D-»pn (see Fig. 1.5) below the photon energy E7=50 MeV. In 
higher energy region the 2N mechanism dominates.
1.1.3 7l>+pn and 7D-+NNir processes
For the D(7 ,p) reaction (Fig. 1.5) the mechanisms of pion 
photoproduction manifests themselves rather clearly. When E7 is 
higher than 50 MeV but below the pion threshold, the two-body
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mechanism (no pion in final states) dominates the reaction. The 
energy and the momentum of the photon are shared by the two 
nucleons, and a pion which is virtual and far from its mass shell 
is created on one of the two nucleons and subsequently reabsorbed 
by the other. This virtual pion is strongly constrained by gauge 
invariance and relates to the one-pion exchange process, or so- 
called meson exchange current of a two-nucleon system. Below pion 
threshold the Born terms dominate; above pion threshold between 
E7=200 MeV and 300 MeV, for the 7D -*• pn channel, the A (1236) is 
created on a nucleon and its decay pion, which is virtual, is 
reabsorbed by the other nucleon. This channel represents only about 
5% of the total cross section in this energy region. Above E7=200 
MeV the channel 7d -* NNjt opens up. Around E7=300 MeV, the process 
with a pion in the final states dominates the 7D reactionBEH73). 
Since the virtual pion is far from its mass shell, the pion 
propagator and the form factors appearing at each pion-baryon 
vertex considerably reduce the corresponding amplitude, so that the 
real pion photoproduction dominates the total cross section.
Due to the charge symmetry principle the reaction mechanisms 
of 7D-«ppir' and 7D-Minir+ are the same. Fig. 1.8 exhibits the similar 
experimental results of these two reactions.
For the 7D -* ppir" reaction, (as well as 7D-*nnir+ reaction), when 
the nucleon recoil momentum is below 200 MeV/c, the spectator 
nucleon model accounts well for the data0AM70>. For higher recoil 
momentum, the mechanisms of pion-nucleon rescattering make more 
important contribution8™ 73,1*677’. The AN final state interaction
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significantly contributes to the cross section yield. The elastic 
AN -*■ AN and the inelastic NN -*• AN transitions contribute at the 
same level and interfere strongly. Between E7=400 and 600 MeV, when 
the invariant mass of the two outgoing nucleons is about the sum 
of the masses of a nucleon and a a, the mechanism of double pion 
production contributes significantly"*®78'. Two pions are created on 
one nucleon and then one of them is reabsorbed by the other 
nucleon.
For 7D-+np*° reaction, the total cross section agrees well with 
the sum of the 7p-»pjr° and the 7n-+njr° reaction cross sections. With 
the same reason as described in section 1.1.1, the cross section 
of the 7D-»npir0 reaction at the pion threshold is much smaller than 
the cross sections of the 7D-*pp7r' and 7D-*nnx+ reactions which have 
a charged pion in the final state.
1.1.4 7PP-+PP and 7nn-»nn processes
The two reactions are strongly hindered. The direct 
measurement of reactions on a free pp or nn pair is impossible due 
to lack of appropriate targets. We can only use 3He or 3H as target 
and make a correction for the effects of the third nucleon, but 
until now no experimental data have existed. The reaction 
mechanisms are expected to be the same for the pp pair and the nn 
pair according to the charge symmetry principle, so only the 
reaction on a pp pair is discussed here. The absorption of a real 
photon by a pp pair is strongly suppressed compared to a pn pair, 
because the pp pair does not possess either an electric or a
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magnetic dipole moment; the coupling of the photon to a pp pair is 
very weak. Also no charged meson exchange currents exist for a pp 
pair and so no MEC contribution is expected in the lowest order. 
Photoabsorption does also lead to the creation of a virtual delta 
excited state, from which a neutral decay pion is reabsorbed by the 
other proton; but again the lowest order of this process is also 
suppressed by spin and parity conservation; for a pp pair in 3He 
the initial state is, most likely, 1Sa, and the magnetic dipole 
absorption of a photon (Ml) induces a transition to the 3Si (A-N) 
intermediate state. The final state in the pp channel with total 
spin J=1 can only be 3PX with negative parity. As electric 
transition can not flip the spin, so the initial XS0 state through 
an El transition to the 3PX intermediate state is forbidden. Thus 
the transition involves either a small P wave of the initial state, 
or multipoles higher than Ml: such as from the small initial P wave 
3P„, through an Ml transition to the 3PX intermediate state; or from 
the initial state through an M2 transition to the 3P2
intermediate state or from the initial 3P0, through an E2 transition 
to the 3P2 intermediate state.
1.2 The three-nucleon process of photoabsorption on 3He
In the intermediate energy region photoabsorption on 3He can 
go through different channels: 
with one pion in the final state:
7 + 3He-»:r + N + N + N 
7 + 3He -*• K + N + 2H
8
7 + 3He -» JT + 3h (or 3He)
without a pion in the final state:
7 + 3He -*■ p + p + n
7 + 3He -» p + 2H.
The mechanisms of the above channels, for the final state with 
and without a pion, can be studied by measuring the reaction 
3He(7 ,p) in different kinematical domains as shown in Fig. 1.9. In 
the A (1232) energy region the photoabsorption process is dominated 
by the mechanisms of pion production on a quasi-free nucleon.
For the channels without a pion in the final state, the 
mechanisms of pion absorption on a nucleon pair dominate the 
photoabsorption process. The recent experiment of the 3He(7 ,p)2H 
reaction was performed at Bates808831 and the inverse reaction was 
studied at Triumf0"18*1 and Saturne881051 •
For the present experiment, 7 + 3He -* p + p + n, there are 
three nucleons in the final state. It is expected that the 
photoabsorption on a pp pair is suppressed, so we can study the 
three-nucleon effects in a specific kinematical region.
1.2.1 7N-»Njt, followed by wNN-NN
The three-nucleon break up channel of the 3N process for 
photoabsorption reaction with 3He target can be described as: a 
pion is created on a nucleon and subsequently reabsorbed by the 
other nucleon pair.
For the 3He(7 ,pp)n reaction the simplest channels involving 
pion exchange mechanisms of the 3N process are:
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7n-*nr°, ppjr°-*pp;
7 n-»px*, ppjr--»pn.
7p-»pjr0, pnjr°-»pn;
7p-*nr+, prar+-»pp;
The first two channels involve the mechanism of pion absorption on 
a nucleon pair with isospin 1 and so they are hindered, which will 
be explained in the next paragraph. The amplitude of the third 
channel, which corresponds to the creation of a neutral pion in the 
first step, is small, since the Born terms are not important in n° 
photoproduction near the pion threshold and it plays a role in the 
A energy region. Thus the fourth channel dominates the 3He(7 ,pp)n 
reaction.
Pion absorption (*',pn) involves a nucleon pair with isospin 
1 in the initial state and this reaction is hindered, since the AN 
intermediate state cannot form with angular momentum L=0. It can 
be explained as: the pion moves in a P-wave relative to the pp pair 
and the system transits to ^  AN intermediate state; the final 
state for a pn pair with isospin T=1 and total angular momentum J=1 
can only be 3Pt, but the parity is not conserved. Thus the 
absorption through A formation is suppressed and generating 
sensitivity to non-A absorption. This is also the same reason for 
the hindrance of the ppjr°-+pp reaction. The main channel for pion 
absorption on a nucleon pair with isospin 0, reaction npir*-»pp, is: 
from the initial 3S1 state through P-wave transition to 5S2 AN 
intermediate state and with the final state 1D2. The experiments of 
Moinester et al."0184* and K.A.AniolANI86) confirm the expectation. The
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ratio of 3He(x+,pp) to 3He(jr',pn) was found to be 15.211.2 at T*=65 
MeV; and 14.612.1 at T*=62.5 and 82.5 MeV respectively.
There are no data available for the reaction pnjr°-»pn. The 
reaction should be dominated by the charge exchange mechanism: 
n1p1;r0-*n1A-*n2n1T+-+n2p2 and n1p1T°-»p1A-»plp2»'-^ p2n2.
Above the pion threshold, for the third and the fourth 
channels, the first pion can be on its mass shell before it is 
reabsorbed by the correlated nucleon pair; this situation leads to 
an enhancement named the "triangular singularityl,LAG81B) by Laget. 
This pion absorption mechanism contributes to the imaginary part 
of the optical potential describing the motion of the pion in the 
nucleus after its creation on one of the nucleons. By choosing the 
kinematics accordingly this enhancement effect can be explained as 
follows: the matrix element, when the first pion exchanged is on 
the mass shell, is proportional to the integral
T  =  T NH*->HN I • 1 * 1
1 = /|H 2P U<P) dP 1*2
where p± = |p|± |pc.fl.|.
The emitted proton pair, which moves with total momentum and energy 
p and E in lab frame, has energy and momentum Ee m and pc.m. in the 
C.M. frame respectively. M represents the effective mass of the 
proton pair and it satisfies the equation E2 = M2 + p2. The p± are 
respectively the upper and lower limits of the proton momentum in 
the lab frame. If the proton wave function u(p) is expanded in a
11
sum of poles:
U (p) - SCj (p2+ttj2) _1 1.3
the Integral can be carried out analytically? the result is 
proportional to
I = ECjLog[ (-p+-ia£j)/(p.-iatj) ]. 1.4
Below the pion threshold pc.B.2 <0, p± are complex and the integral 
is regular. Above the pion threshold pcm2>0, p± are real and the 
integral is singular. This logarithmic singularity, which is 
associated with the on-shell propagation of the first pion, 
enhances the contribution of the three-body mechanism. To display 
this effect for the 7D->ppjr* reaction, using the deuteron wave 
function parameterization of McGee1*666’ which is of the same form as 
Eg. 1.3, the value of pu(p) is plotted against the internal 
momentum p in Fig. 1.10. The lower bound |p.| is a strongly 
dependent function of the external kinematics and its lower limit 
is zero. The on-mass-shell part of the matrix element is a strong 
varying function of |p.| and exhibits a sharp maximum when | p. | =0. 
Therefore the triangular singularity effects are limited to a small 
phase space corresponding to the kinematics |p. |«0.
1.2.2 7N-*Ninr, followed by jtjtNN-^ NN
The 3N process, with two pions created on one nucleon and both 
then reabsorbed respectively by the other two nucleons (Diag. j of 
Fig. 1.2), also contributes to the cross section of the 3He(7,pp) 
reaction. The second step of the reaction NNinr-»NN forces the pions
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created on a single nucleon to be virtual and so there is no 
triangular singularity effect. Since the maximum photon energy in 
present experiment is much lower than the rho meson threshold, the 
singularity effect due to the real rho meson production in the 
intermediate can not occur. The experimental data, for real pion 
production, shows that at E7=450 MeV, the cross section of the 
7p-or+jr'p reaction is about 1/10 of the cross section of the 7p-+mr+ 
reaction. For the present experiment the highest electron beam 
energy is 474 MeV. For this energy point the contribution of the 
double-pion channel might not be negligible, but it is small.
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CHAPTER II 
THEORY OF 3He(7,pp)n REACTION
The reaction mechanisms of photon induced reactions are easily 
investigated, because the initial and the final state interactions 
are clearly separated.
All the mechanisms mentioned in the preceding chapter hold for 
heavier nuclei1*®83’. As explained in the first chapter, real photons 
are expected to be predominantly absorbed on nucleon pairs, rather 
than a single nucleon: a nucleon pair greatly facilitates the 
distribution of the photon energy and momentum, and so the 
amplitude of the 2N process is significantly larger than the 
amplitude of the IN process.
For the lowest order and in the quasi-free kinematics 
corresponding to the 2N process, the third nucleon is a spectator 
and the photon energy and momentum are shared among a nucleon pair. 
Due to the suppression of real photon absorption on a pp pair, it 
has been predicted by Laget that the cross section of the 3He(7,pp) 
should be two orders of magnitude smaller1*685*’ than the cross 
section of 3He(7,pn).
But the ratio of the cross sections of (7,pp) to (7,pn) 
measured on 12C and aBe is about 6%, as determined by J.Arend et al. 
and S.Homma et ai."®80*®*18*) respectively. It is significantly higher 
than the 1% which was expected. A natural expectation is that at 
high momentum transfer, 3N mechanisms play an important role in 
which the energy and momentum of the photon are shared between all
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three nucleons. Among all the possible 3N mechanisms, meson double 
scattering is most likely to happen: a pion is created on a nucleon 
and then reabsorbed by the other nucleon pair. Since pion
absorption on a T=1 (pn or pp) pair is strongly suppressed"018*’"1186’, 
only absorption by a T=0 pair needs to be retained. jt+ capture 
followed by the emission of two protons dominates the (7 ,pp) 
channel, whereas jt° capture leading to the emission of a pn pair 
dominates the (7 ,pn) channel.
The first pion can propagate on shell. Above the pion
threshold the logarithmic singularity enhances the contribution of 
the 3N mechanisms. Below the pion threshold, both pions are off- 
shell. It is a process which can be considered equivalent to 
virtual meson rescattering. Here the a formation term does not play 
a significant role and the Born terms dominate the pion
photoproduction. S-wave dominates the pion scattering amplitudes. 
This three-body meson exchange current is linked to the three-body 
forces, which do not involve the A.
The theoretical calculation was made by 
LagetLA68*,LAG85A,LAG8SB,UG88> and the calculation of the relevant T-
matrices is based on a diagrammatic method as shown in Fig. 1.2 
(Diag. J is not included). In Laget's calculation the reduced cross 
section of the 3He(7,pp)n reaction in the two-proton C.M. frame and 
with the incident photon beam in Z direction is related to the 
laboratory cross section by the relation:
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d5a E,, p23 Pi2 | E | d5a
2.1
dPi dOi dn2 Ej |E» p22 - E2 pn-p2 | | p | dpn
where (E7,k), (E^pJ, (E2,p2), (E„,pn) are the four-momenta of the 
incoming photon, the two outgoing protons and neutron respectively; 
p and E are the proton momentum and total energy in the C.H. frame 
of the two detected protons. The units are chosen to be c=h=l.
The cross section is related to the T matrix elements through: 
d3a m2 | p | 1
(dni)c.m. dpn 16k*2 IEI 2 (|Tx|Z + |Ty,2) 2*2
where Tx and Ty are the projections on the X and Y axes of the sum 
of the transverse amplitudes corresponding to all the possible IN, 
2N and 3N mechanisms. They are cast as the following expression:
Tx,y - Tjty1* + Tx>y2H + Txy3H 2.3
where Tx y1", T^y2" and Tx y3H correspond respectively to the matrix 
elements of the amplitudes for the one-, two- and three-nucleon 
processes.
The reduced cross section of the 2N process, assuming that the 
spectator neutron moves in a relative S state with respect to the 
proton pair, is proportional to the product of the neutron momentum 
distribution and the cross section for disintegration of the pp 
pair.
In Laget's calculation, the bound state antisymmetric wave 
function of 3HeBRA75) is the solution of the Faddeev equations with
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the Reid potential"2161” and it is factorized as a product of two 
wave functions:
*TLi(P,q)=XTi.(p)UTL(q), 
where UTL(q) is the wave function of the nucleon pair, coupled to 
angular momentum L and isospin T, UTL(q)=#TLl(0,q) ? and XTj.(p) is the 
wave function of the third nucleon with angular momentum 1 relative 
to the nucleon pair. The antisymmetric continum final state is 
approximated by the sum of a three-body plane wave and half-off- 
shell amplitudes where two nucleons scatter, the third being a 
spectator. In computing NN rescattering (Diag. d in Fig. 1.2) the 
half-off-shell scattering matrix is expressed as the product of the 
on-shell T-matrix and a half-off-shell form factor F(£,p): 
Toff(£,p)=F(£,p)Ton(£,p), 
where p and £ are respectively the off- and on-shell nucleon 
momenta. The form factor F(£,p) is deduced from the numerical 
solution8" 80 of the Lippman-Schwinger equation for the same two- 
body Reid potential. It is parameterized by a sum of monopoles for 
a given set of kinetic energies of the two outgoing protons 
F(£,p)-Zci(p)/[£2+a12(p)]r 
and fitted for the coefficients c^p) and ^(p).
The meson exchange terms correspond to Diag. c, Fig. 1.2. 
When pn=0, the amplitude corresponding to the A* formation in the 
pp pairLAG8SA> dominates, and only jt° is exchanged between the two 
protons. The amplitude of the exchange currents arising in one of 
the pn pairsLAS85B) is strongly suppressed, since the momentum of the 
other proton is large. The meson exchange amplitude related to the
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2N process for the three-nucleon break-up channel Is:
T ^ O o i m j i M  >s<lli(-i) |24 >t*T(7 (ppj-ppjx^pj/ysir. 2.4
where T is the two-body antisymmetrized matrix element. For a pp 
pair the isospin T=1 and the spin S=0. Both r and p are exchanged 
in the meson exchange amplitude, and a monopole form factor is used 
with a cut-off mass A*=1200 MeV at each pion-baryon vertex.
The amplitude for the 3N process corresponding to the emission 
of two protons after the positive pion reabsorption is:
T3H= -/3$<lA-5Mp|*5M >Tw ™ +(k,pMp^p*,p„Mn)T„W l ) (plt,-pA->p1/i1,p2M2)
f _ L _  xIq(p >
X J  (2jt) 3 2jn R,2-m«2+i«
where (p,MP) and (-p,A) are respectively the momenta and magnetic
quantum numbers of the proton, on which the first pion is produced,
and the correlated pair which reabsorbs it.
The pion photoproduction amplitudes of T.)p(p>t> and Tirn-to include
both the PV coupling Born term and the A term corresponding to Fig.
1.3. Except the 'seagull term', the general structure of the
reaction matrix element of the diagrams is:
_ Q
Tfi - “Ujr^p^Ui,
where ut and uf are the initial and final nucleon spinors, and 
Tf are the vertex operators and Q/P the propagator of the 
intermediate particle.
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The Born term matrices (TB+ and TB0 respectively for 7p-»n?r+ and 
7P-*PWo) for the non-relativistic limit, which keeps the terms of 
order p/m so that the expression is valid up to order (p/m)2, are 
as follows:
e72g0 ^ 2i(q*c) a» (pg-pj) (a-q) a» (kxg)
2m Xt (q-k)2 - m*2 + 2E,(p.° - E.)
a-(kxe) (<r*q) . (p.-e) (a-q) , . . mq°
+ ------ „ - 1------Z  + i(0*c) [T1 + ----------— 1 y,>
2Eb(Pb°-Eb) ^  Ea(pa° - E a) Ea(Ea + pa )
and
eg0 (a-q) a-(kx«) (a-q) a-(kxe)
B° 2m 2Ea(p.°-Ea) Mp+ 2Eb(pb°-Eb) Mp
(Pi**) (<yq[) (Pt-<) (g-q) . (g-t)mq° (g-6)mq°
E.(pa° - E a) E ^ - E h )  + 1 Ea(Ea + pa°) + Eb(pb° + Eb) 3 1 Xi>
where g0 is the jtN coupling constant, g02/4w=14. pa and Pb are the 
four momenta of the exchange nucleons in the s-channel and u- 
channel, respectively:
P. s (Pa° = Pf° + q°» P. = Pf + q) »* Ea = (pa2 + m2)1/2 * p,°;
Pb = (Pb° = Pf° " *°, Pb = Pf ~ *); Eb = (Pb2 + m2)1/2 * Pb0.
fip = 1+kp ; /in = k„ are the magnetic moments of the proton and the 
neutron(kp=l.78, k„=-1.91). (k°,k), (q°,q), (Pi0,Pi) and (p£°,pf) are 
the four momenta of the photon, pion, initial and final nucleon, 
respectively.
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The T matrix of the delta term is as follows:
C^GjGa 2 q° M-m
T‘ = ' tf-ISISr’ 1 - + m w ' <k x‘ >
i q° M-m
-  - [ax(- q + - pA) ] [ k  Pi)x€ ] \ Xl>
3 M m
where 6X is the coupling constant of the vertex where the photon is 
absorbed on a nucleon to form a A; 63 is the coupling constant of 
the vertex where a pion is created from a decay a ; M and r are 
respectively the mass and width of the a (1236) resonance. The four- 
momentum of the delta is:
Pa s (Pa° = Pf0 + q°» Pa = Pf + 9) »* Q2 = Pa°2 + Pa2-
C* and C7 reflect the isospin structure of the vertex. For different 
reactions the value of the product of these two coefficients is: 
C*C7=- (2/ 3)1/2 for 7p-*ror+;
= (2/3)1/2 for -yn+pjr';
= 2/(3)1/2 for 7p-*px° and 7n-*mr°.
The pion-absorption antisymmetrized matrix element TK+Tipn)p is 
directly derived from the matrix element of the ir+d-*pp 
reaction1"*0810’, replacing the deuteron wave function by U0T“° and U2T“°. 
Both jr and p are exchanged. The amplitude TK+nrTP corresponding to 
A formation is:
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9 r d 11^ w + n p * p p  =  £  “  J  (2w) 3 ^  I n  I ^ < F m n * F ® ^  I 1® « > < 1% /  s m ,  I 1M >
op
x Y - (n) - T^ - >  < ^ | « . . [ , - f ( n * W ] k > .
q “ m* 2m
The dominant part in T^+^+p and TK+n^ 0p corresponds to the A 
formation mechanism which is described by the isobar model 
according to the Ref. LAG81C. All the other xN partial waves, up 
to the 0 wave, are included in the above equation; they are taken 
from experimental phase shifts*0”78’. The integral in Eq. 2.5 selects 
the lower component of the proton wave function, S-wave part X0(p). 
Below the pion threshold, only the real part of the a propagator 
is retained and the S-wave ;rN amplitude are approximated by the 
corresponding scattering length.
The amplitude corresponding to the absorption of a ir° followed 
by the emission of a pn pair is defined in a similar way. As 
mentioned above, Born terms are not important in ir° 
photoproduction; they play a role in the a energy range, but not 
below.
The parameters of the model are fixed, since the one-body and 
two-body basic amplitudes have been calibrated against the cross 
sections of the corresponding pion photoproduction or scattering 
on the free nucleon1**6818’, and of the photodisintegration of the 
deuteron1*68*’, respectively.
Fig. 2.1 shows the relative importance of the two-body and
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three-body mechanisms in the 3He(7,pp) and 3He(7 ,pn) reactions1**088’. 
The kinematics are chosen in such a way as to maximize the 
kinematical domain where the first pion propagates on shell and to 
enhance the effect of the triangular singularity. For zero recoil 
momentum of 2N mechanism, the cross section for the 3He(7,pp) 
reaction is two orders of magnitude smaller than the corresponding 
cross section of the 3He(7,pn) reaction. In the high recoil 
momentum region the cross section is entirely driven by the 3N 
mechanisms.
The channel of two-virtual-pion photoproduction can also 
proceed through the formation of a jta system in a relative S-wave. 
The virtual pions are reabsorbed on the other two nucleons to lead 
to a final state without pions. This part has not been included in 
the theoretical calculation.
To summarize, 3He is the simplest system in which three- 
nucleon effects may occur: the 2N process is strongly suppressed, 
a condition affording a good opportunity to study the three-nucleon 
effects.
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CHAPTER III 
EXPERIMENT
The experimental investigation of 3He(7,pp)n was performed at 
the Accdldrateur Lindaire de Saclay (ALS), in May 1987.
For the coincidence experiment 3He(7 ,pp)n, after the reaction 
happened between the incoming photon and the 3He nucleus two 
protons and a neutron came out of the target. The two protons were 
detected by a telescope and a spectrometer, respectively. In order 
to obtain the cross section for 3He(7 ,pp) the following 
measurements have also been done during the course of the 
experiment.
1) Events from 3He(7 ,pd) were collected. The deuteron was 
detected in the spectrometer and the proton in the telescope. The 
data were used to calibrate the energy response of the telescope. 
There were only two outgoing particles and so the proton momentum 
could be calculated from the corresponding deuteron momentum. For 
each kinematics the proton peak in the telescope ADC (analog- 
digital-converter) spectrum corresponds to a known momentum value. 
And thus the energy response of the telescope was determined.
2) The cross section of 2H(7 ,p) was measured to compare with the 
Bonn data4*28*’ for a consistency check of the cross section value 
and for a confirmation of the energy calibration.
3) Events from xH(y,p) were collected to provide background 
information about the target wall to be subtracted from the cross 
section of 2H(7 ,p).
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4) The cross sections of 2H(7,pp) and 2H(7 ,pn) were measured to 
find the neutron conversion rate of the telescopes, i.e. the rate 
of the neutrons converting into protons by the reaction (n,p) 
happening in the target and in the front scintillators of the 
telescopes.
5) For the 3He(7 ,pp) reaction, a sample of single arm proton 
events in the telescope was collected to check the pion cuts in the 
two dimension spectrum of dE/dX vs.AE and to make a correction for 
the proton events lost due to the pion cuts.
The details of the data analysis of the first two reactions 
are presented in Appendix 1 and 2 respectively.
3_s_l Kinematics
The coincidence experiment 3He(7 ,pp)n presents the advantage 
that it allows use of a bremsstrahlung beam; because for the events 
without pions in the final state, detecting the two protons in 
coincidence allows the determination of the incident photon energy.
For the 3He(7 ,pp) reaction there are three particles in the 
final state corresponding to nine kinematical variables and the 
incident photon energy is unknown. We have four energy-momentum 
conservation equations for a total of 10 constrains. The momenta 
of the two protons are detected in the spectrometer and in the 
telescope respectively. Thus the other four variables, three 
components of the neutron momentum and the photon energy, can be 
calculated and the kinematics is completely determined. A scheme 
of the kinematics is shown in Fig. 3.1. Assuming the photon beam
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is in the z direction of the coordinate system, the kinematical 
equations are:
E7 + Mh, = Ei + E2 + E„ 3.1
?7 - ?! + ?2 + Pn 3.2
where Mh. is the mass of 3He. The photon energy E7 is:
Mh.2 + M122 - M„2 - 2Mh. E12 _
E =------------------------------  3.3
2 (E12 - Ma. - Plz - P2l)
where E12 = E2 + E2 and M122 = E122 - (Px + P2)2, and Plz and P2, are
respectively the momentum components of proton 1 and proton 2 in 
z direction.
The neutron momentum and the scattering angle are 
respectively:
+ P2,
and en=acos (P^PJ .
The partial derivative 3E7/dPx, which is used to calculate the 
photon number, is given by:
*E7 = Ex - En Pi2
a Pi p2 E ifp^  -  e„)
where Pnz is the momentum component of the neutron in the z 
direction.
Five electron beam energies were chosen corresponding to five 
different kinematics. The central value of the photon energy for 
each energy point corresponds to kinematics with zero neutron 
recoil momentum and defines the angle, u>, of proton 1 relative to
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the photon direction to be 75° in the PiP2 C.M. frame. Other 
parameters are listed in the following table.
Table 3.1 Kinematics of the experiment.
kinematics 1 2 3 4 5
electron beam energy (MeV) 275 310 350 420 474
central photon energy (MeV) 215 250 291 340 412
8 angle of p. in lab (°) 62.6 61.5 60.6 59.6 58.3
central momentum of p, (MeV/c) 472 517 566 620 696
6 angle of p2 in lab C) 90.9 89.8 88.6 87.4 85.7
central momentum of p2 (MeV/c) 425 459 496 538 596
angle acceptance of the spectrometer: 21.2 mrad 
angle acceptance of the telescope: 126.8 mrad
3.2 Experimental setup
The experimental setup is shown schematically in Fig. 3.2. 
The electron beam from the accelerator first enters hall HEO where 
the beam energy is defined by an achromatized magnetic system which 
includes magnetic dipoles Bx and B2/ quadrupole Q2 for focusing the 
beam and electric dipole E2. The slit FI, located between B1 and 
B2, determines the beam energy resolution. The beam is steered into 
the experimental area HE3 by Bx and B2. The electron beam is further 
focused by quadrupoles Qa and Qa on a Cu radiator, to produce a 
photon bremsstrahlung beam. The electrons in the photon beam are 
bent 30° relative to the original direction, by a sweeping magnet 
downstream of the Cu radiator, and stopped in a water-cooled 
Faraday cup. There is a lead collimator, between the Cu radiator 
and the target, which defines geometrically the diameter of the 
beam spot to 3 cm at the target. Charged particles produced in the
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collimator are bent by a sweeping magnet following the collimator. 
Photons which have not reacted with the target nuclei are deposited 
in the quantameter further downstream. The experimental detectors 
were designed to select two protons. Proton 1 was detected in a 
magnetic spectrometer and proton 2 in three scintillator 
telescopes.
In the following sections the important elements of the 
experimental equipment will be described. With the exception of the 
telescope, other parts like the electron beam, the bremsstrahlung 
photon, the target cell and the magnetic spectrometer, have been 
described in a number of published papersAUD06'TAM87,ARG75,ARG78).
3.3 Electron beam and bremsstrahlung photon
The ALS provides an electron beam with maximum energy of 720 
MeV and a maximum intensity of 100 /iA with a duty factor between 
0.5% and 2%. The frequency can be chosen to be 1000 Hz and, for 1% 
duty factor the pulse duration is then 10 pa. The electron beam 
energy resolution is between 1% and 1.3%. The electron beam 
intensity F is measured and adjusted according to the reading of 
the Faraday Cup.
The Cu radiator is 1% of a radiation length (0.134 g/cm2) and 
it can produce a photon beam with a maximum intensity of 5.0*109 
photons per second per MeV between 150 and 550 MeV.
The photon flux Q is monitored by the gas quantameter (95% A, 
5% C02). Magnetic quadrupoles are adjusted to maximize the value 
R which is the intensity ratio of the photon beam to the electron
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beam, R=Q/F. The value of R is sensitive to the direction of the 
electron beam and to its impact point on the radiator. These 
parameters in turn help to adjust the beam direction. During the 
experiment, in order to ascertain the constancy of the photon 
spectrum, R is allowed to vary no more than 5% (a 1 mm displacement 
in the position of the electron beam on the radiation target was 
measured to give a AR/R=5%).
The quantameter, which is used to measure the total deposited 
photon energy, was similarly designed as the one described by 
Wilson1"137’, except the diameter of the plates is larger and the 
gaps between the plates are wider than the original design. This 
design allows a larger beam spot at the quantameter. The 
calibration constant C (2.16*1018 MeV/Coulomb) of the quantameter 
was calibrated before the experiment by using an incident electron 
beam.
The shape of the photon bremsstrahlung spectrum, for each 
energy point, was obtained from a theoretical calculation of 
differential cross sectionsISA7° . Fig. 3.3 is the photon spectrum 
normalized to the total photon energy E for electron beam energy 
474 MeV and f(E7)/E is shown as a function of photon energy E7. The 
integration relationship of the total photon energy and the 
function f(E7) (=dN7/dE7) are:
£•
E = / E, f (E7) dE7
o
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2*4 Target SvstemBUH71)
A schemtic diagram of the target system is shown in Fig. 3.4. 
The whole system includes gas reservoirs, a cryostat, and three 
target cells. The three target cells are cylindrical and have the 
same size: they are 4.5 cm tall and have a diameter of 7.0 cm. The 
walls of the cells are made of 50 /xm thick stainless steel; there 
are radiation shields of aluminized mylar with a thickness of 5 jum. 
The three cells were filled with liquid hydrogen, deuterium and 
helium-3, respectively, and each connected to a corresponding gas 
reservoir. These cells have a common axis and can be moved in and 
out of the beam by remote control. The cells are located in a flask 
and outside the flask is the vacuum chamber with a pressure of 
10"6 Torr. The window of the flask is made of 75 jum thick kapton 
and the window of the vacuum chamber is made of 190 im thick mylar.
The cryostat is fed with helium-4 gas from a 500 liter dewar 
and it consisted of two baths. The liquid helium-4 in the upper 
bath is at atmospheric pressure with a temperature of 4.2 K and is 
used to cool and liquify hydrogen, deuterium and helium-3. The 
liquid helium-4 in the lower bath comes from the upper one and the 
temperature is controlled to be 2.5 K by pumping the helium-4 
vapor. The helium-3 is cooled to 4.2 K in the upper bath. Then it 
passes through a serpent in the lower bath filled with 2.5 K *He 
where it is liquified. Finally it is collected in the target cell.
The densities of these liquids in the target cells are 
determined by measuring the pressures of their saturated vapors. 
The densities of hydrogen and deuterium at temperature of 4.2 K
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are 0.0708 and 0.1620 g/cm3, respectively at atmospheric pressure. 
For 3He the relationship of pressure P and temperature T, and the 
relationship of density p and T are shown in Fig. 3.5. Within the 
region of interest, for helium-3 the analytical expression of the 
liquid density and the pressure of the saturated vapor is :
P 3H. (g/cm3) = 0.082075 - 2.775xl0'sxp (mm Hg)
For the present experiment the temperature of liquid helium 
3 varied between 1.72 K and 2.77 K and from Fig. 3.5, its 
corresponding density varied between 0.0685 g/cm3 and 0.0796 g/cm3. 
During the experiment the average density was 0.0729 g/cm3.
3.5 Spectrometer
The momentum of proton 1 was analyzed by the magnetic 
spectrometer-700, in which the maximum momentum that can be 
measured is 740 MeV/c for a particle with one unit of charge. The 
detecting system is located in the focal plane and the focusing is 
point to parallel. A schematic picture of the spectrometer is shown 
in Fig. 3.6 and the characteristics are listed in Table 3.2. Here 
we will discuss the momentum acceptance, the response function, the 
solid angle seen by the focal plane for a finite size of the 
reaction area in the target, and the characteristics of the 
detecting system of the spectrometer.
The magnetic field of the spectrometer is uniform and the 
curved surfaces of the entrance and the exit work as focusing 
elements. The spectrometer was calibrated by changing the field in 
the symmetry plane of the magnetic gap which is the flight region
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of the particle. The nominal momentum is defined by the momentum 
measured at the central trajectory in the symmetry plane of the 
magnetic field. The field is monitored by a nuclear magnetic 
resonance probe, and its stability gives a precision of better than 
10'3 for the nominal momentum.
Table 3.2 Parameters of the spectrometer.
mechanical and magnetic:
average radius 
bend angle
thickness of the magnetic gap 
width of the gap 
magnetic field
radius of the curve: the entrance face
the exit face
maximum induction 
maximum momentum 
weight
optics:
distance from entrance to target
distance from exit to focal plane
solid angle
focal plane angle
magn i f icat ion
momentum acceptance
dispersion length of focal plane
intrinsic resolution
1.35 m 
90°
10 cm 
30 cm 
uniform
.407 m (convex) 
.620 m (concave) 
1.75 T 
740 Mev/C 
41.5 ton
1.5 m 
1.175 m 
2.24 msr 
56°
-.9
±6%
3 cm/% 
0.8%0
Section 3.5.1 will discuss the characteristics of the 
detecting system. A Monte Carlo simulation program had been used 
to determine the effective solid angle and the energy response of 
the spectrometer, which will be discussed in section 3.5.2 and 
section 3.5.3 respectively.
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3.5.1 Detecting system
A hodoscope with a juxtaposition of four layers of plastic 
scintillators (named Zebra 1, 2, 3 [Zl, Z2, Z3] and Melange [PF] 
respectively, in Fig 3.6) is located in the focal plane. It 
determines the total momentum acceptance of 12% or ±6% of the 
nominal value. With the GREY code, the scintillators reconstruct 
the momentum over its full acceptance range into 32 different 
channels. For small cross section or low counting rate experiments 
(as the present 3He(7,pp) experiment) the scintillators are 
regrouped to fewer channels over the momentum acceptance range.
The dispersion in the focal plane is 3 cm per %. Table 3.3 
lists the ratios of the momenta of central value p to the nominal 
value pQ and the precision of the momentum for each channel.
Table 3.3 Relative momentum and precision for 16 channels.
nel number P/Po AP/Po
1 1.0556 .0078
2 1.0478 .0078
3 1.0400 .0077
4 1.0323 .0077
5 1.0247 .0076
6 1.0172 .0075
7 1.0097 .0075
8 1.0022 .0075
9 .9948 .0075
10 .9873 .0074
11 .9799 .0074
12 .9726 .0073
13 .9654 .0072
14 .9583 .0071
15 .9513 .0070
16 .9444 .0069
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In addition, three scintillators named Ra, Ra' and Ra" 
respectively are placed before the focal plane, behind the exit 
window, and at the back of the focal plane. The ADC spectra of 
these scintillators are used to identify particles. The Ra' and Ra" 
are perpendicular to the center trajectory and the Ra is positioned 
56 degree to the vertical direction. The time of flight (TOF) is 
measured with the start and stop signals of the scintillators of 
RaB, which is located in the magnetic gap, and Ra, respectively.
3.5.2 Solid angle
The nominal solid angle of the spectrometer is 2.24 msr 
defined by the entrance window. Due to the finite size of the beam- 
target intersection volume, the solid angle is not a constant but 
a function of the distance from the point where the reaction 
happens to the central trajectory of the particle, and also it is 
a function of the scattering angle.
In the homogeneous magnetic field of the spectrometer the 
trajectory of the particle, projected in the symmetric plane of the 
magnetic gap, is circular and so we can simplify the discussion. 
We unroll the surface, which includes the trajectory of the 
particle and is perpendicular to the plane Z'OX' (Fig. 3.7), and 
on the unrolled plane the trajectory of the particle is a straight 
line (shown in Fig. 3.8). The distance d is defined from the point 
A, where the particle is created, to the plane Z'OX'. When the 
point A is far away from the plane Z'OX' the solid angle decreases
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because of the geometrical limits of the magnetic gap, the entrance 
and the exit windows. Taking the geometrical limits into account 
the calculated solid angle as a function of the distance d is 
displayed in Fig. 3.9.
The scattering angle 0 of the spectrometer also affects the 
solid angle. The solid angle as a function of the scattering angle 
is defined as:
I
+targ«t radiua
e(y1) *£ (y') d y
-fcargat radiua
where £(y')dy' is the probability of the original point A being at 
a distance y 1 to the plane X'OZ* within the intersection volume of 
the target. The results from a direct calculation are shown in Fig. 
3.10 with a solid line. The dots are the results from the Monte 
Carlo program. The agreement between these two results is better 
than 2%.
3.5.3 Energy loss
Because of the energy loss in the target, in the target walls, 
in the air and in the entrance window of the spectrometer, the 
particles created in the target with initial momentum p will arrive 
at the focal plane with an average momentum p'<p.
Ap = p-p' = Efdp/dmJ X l iX p l 
where pL is the density (g/cm3) of different materials; mi is the 
thickness of the target or the target wall; lt is the distance that 
the particle pass through each material; (dp/dm) is the momentum
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loss in a given material of unit thickness, in units of 
(MeV/c)/ (g/cm2). For the present experiment, with a 3He target, the 
outgoing protons lost momentum about 8 MeV/c in the target.
The results from the Monte Carlo program are shown by the 
points in Fig. 3.11 and the curves were obtained from the results 
of the calculation. The data present the momentum shifts as a 
function of the original momentum of the protons emitted with an 
angle of 23° from a deuterium target and a helium-3 target 
respectively. The difference between these two methods is less than 
300 keV/c.
3.5.4 Experimental resolution
For a particle with momentum p at the target, there is an 
image of finite size at the focal plane. The size of the image 
depends on the resolution of the spectrometer.
The finite resolution is due to several effects:
1) The spectrometer has an intrinsic optical magnification. 
The diameter of the beam is 3 cm, and the enlargement of the image 
observed in the focal plane is expressed as:
Sp = 6 x h x ------— ----  « 0.0109 x pn
6 x sin0pf
where G is the magnification, S is the dispersion, h is the 
vertical extension of the beam, 0pf is the angle of the focal plane, 
and p0 is the nominal momentum.
2) The target and the spectrometer have finite angle
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acceptances:
A  0 spactronatar =  2 1 . 2  m r a d , A  6 targat =  6 1 . 7  m r a d ,
where A9tsrg,t is equal to the value of the diameter of the target
divided by the distance between the target center and the entrance 
window of the spectrometer. The magnification introduced by the 
angular acceptance of the detector is:
Sp = hO x (dp/8 0)
3) The outgoing particles go different ways through the target 
so the momentum shift has a distribution:
fip = Al x p x (dp/dm)
where 1 is the length of the path that the particle go through the
target.
4) The effect of multiple scattering in the target and in the 
scintillators placed before the focal plane is less than 2%0 of the 
incident momentum and so it has not been taken into account.
All these contributions interfere between themselves. The 
Monte Carlo program gives the global response function of the 
spectrometer. The response functions for the different targets, 2H 
and 3He, are shown in Fig. 3.12 for photon momentum 280 MeV/c. 
The curves can also be parameterized to the first order of the FWHM 
as <5p. For the present experiment the scattering angle of the 
spectrometer was at about 60°. Used as an indiction, Fig. 3.13 
shows Sp as a function of the proton momentum with 2H and 3He 
targets respectively for the reaction of a two-body final state, 
when the spectrometer is at 23° from the beam direction.
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3.5.5 Electronics and selection of single arm events
In this section we will describe the electronics of the 
detecting system and the selection criteria for the events. The 
scheme of the electronics for the acquisition system of the 
spectrometer is shown in Fig. 3.14. The detecting system consists 
of the scintillators described in section 3.5.1.
For a good event in the spectrometer, a triple coincidence is 
required from three signals from the Ra, Ra' and Ra" scintillators 
respectively. The coincidence signal is further sent to the 
computer and to the telescope electronic circuit for a left-right 
coincidence.
In most cases the particles are identified by analyzing the 
amplitude corresponding to the energy loss in plastic 
scintillators, NE102A of 5 mm thick. The light produced by the 
scintillator is transmitted by the light guide of plexiglass to a 
56DVP photomultiplier. The analog signal from the photomultiplier 
then is analyzed by a 1024 channel analog-digital converter. Given 
the same momentum and same unit charge, heavier particles deposit 
more energy in the scintillator corresponding to a higher ADC 
number, and so different particles could be sorted.
The TDC (Time-To-digital-convertor) of each scintillator is 
started by a signal from Ra* and is stopped by its own signal. Then 
the measured TDC is converted into 2048-channel (100 ns) digital 
time. For two different particles the difference of TOF between Ra' 
and any other scintillator is:
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(Ei - E2) * l^«in-Rm*
At = -------------------
Po X C
where Ei and E2 are the energy of two different particles; PD is the 
nominal momentum of the spectrometer; AlIin.R,, is the distance 
between the Ra' and the other scintillator; and c is the speed of 
light. In relativistics E2 = P2c2 + M2^ . TDC spectrum is helpful for 
rejecting accidental events.
For the triple coincidence events of the spectrometer the data 
of the ADC, TDC and scalers are registered using CAMAC. A real time 
program named SADE analyzes the data and displays it on the 
computer terminal.
3.6 Telescope
There were three similar telescope stacks used in the 
experiment. The angle between two adjacent stacks was 12.5° (see 
Fig. 3.2). The scattering angle of the second stack was chosen to 
correspond to the quasi-free kinematics and so the events from the 
second stack were used to calculate the cross section.
3.6.1 Telescope stack
The geometrical configuration of the telescope stack is shown 
in Fig. 3.15. The solid angle was equal to 21.0 msr. Two small 
scintillators on both sides of scintillator 3 (S3) made up the 
thickness (units: g/cm2) to be the same. Scintillator 1 (SI) and 
scintillator 2 (S2) were 1 cm thick and measured a quantity
38
proportional to dE/dX when particles (pions or protons) passed 
through. The proton-stop scintillator 5 (S5), 20 cm thick, measured 
the deposited energy, AE, of a particle. The acceptance of the e 
angle can be divided into four by regrouping SI, S2 and S3 with a 
computer code, if there are enough events counted.
Protons are heavier than pions and with the same kinetic 
energy they deposit more energy than pions in SI (or S2) or S5. 
Therefore, in a two dimensional plot of dE/dx versus AE most pions
are located in the small AE and small dE/dX region, or LOW-LOW
ADC5-ADC1(or A0C2) region.
When neutrons stopped in the scintillators or went through, 
most of them gave no pulses; but some of them reacted in a (n,p) 
reaction and if this happened in the target, they would give false 
proton signals. The correction for the false proton coincidence
events is described in section 4.3.
The piece of Cu inserted between S7 and S8 was 1 mm thick and 
helped to monitor the gain changes during the experiment which is 
explained in section 3.6.4.
The scintillators were made of plastic of which the chemical 
components in weight are 84% of CSHS02, 15% of C10H8 and 1% of other 
additives. The ratio of the number of atoms is 
C:H:0-1.00:1.43:0.31. The density is 1.18 g/cm3. The relationship 
of the thickness versus the energy loss of proton is shown in Fig. 
3.16. Three scintillators (SI(or S2), S3, and S4) were placed 
before S5 and the total thickness was 2.5 cm corresponding to a 
thickness of 3.0 g/cm2. The thickness of the target was about 0.5
39
g/cm2 and so the sum was about 3.5 g/cm2. From Fig. 16 it is found 
that the protons detected had a minimum kinetic energy of 62 MeV 
corresponding to a momentum of 348 MeV/c. The thickness of S5, the 
proton stopping scintillator, was 20 cm corresponding to a 
thickness of 23.5 g/cm2. Including the scintillators SI (or S2), 
S3, S4 and the target wall the total thickness is 27 g/cm2, which 
corresponds to a proton kinetic energy of about 215 MeV or momentum 
of 670 MeV/c. In this experiment for the kinematics of E,=474 MeV 
corresponding to the highest photon energy, the protons, which had 
a maximum momentum of about 640 MeV/c or kinetic energy of 198 MeV, 
could not go through S5 and would be stopped in it. So the 20 cm 
thick S5 met the requirements of the experiment.
The response function of S5 is shown in Fig. 3.17. The 
momentum resolution is about 7.8% for proton momentum 610 MeV/c and 
about 80% of the total events are in the peak. For lower proton 
momentum, about 350 MeV/c, the resolution is about 15%. The ratio 
of the number of events in the peak to the total number of events 
is shown in Fig. 3.18. In order to have enough statistics 64 
channels were added in each bin. So the 1024-channel ADC was 
regrouped into 16 channels.
3.6.2 Electronics of the telescope system
Fig. 3.19 shows the electronics of the telescope system. The 
different triggers for identifying particles were SI (or S2)*S5*S6 
for a proton, S4*S5»S6 for a neutron, and S3*S7*S8 for a pion. 
Because the protons can not go through S5, S6 was used as a veto
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and none of the particles reaching S6 were protons. The neutron 
trigger is necessary for the correction of the false pp events as 
is explained in section 4.3. The pion trigger was designed to 
obtain a sharp pion peak in the ADC spectra, for monitoring the 
gain change of the phototube.
The gain of the phototube was observed to change during the 
course of the experiment. Defined by the pion trigger the pions 
were stopped in the Cu plate in the telescope stack (see Fig. 3.15) 
and they had a kinetic energy of about 90 MeV when it was created 
in the target. The pion peak in the ADC spectrum of S5 was very 
narrow, because the copper plate was only 1 mm thick. This amount 
of energy was deposited in the target, in the front scintillators 
and the Cu plate. Thus the shifts of the peaks in the pion ADC 
spectra indicated the gain changes of the phototube. The ratios of 
the channel numbers of the pion peaks in various runs were used to 
make corrections for the energy calibration. Table 3.4 lists pion 
peak channel numbers and their ratio for different runs of the 
experiment for the 2H(7 ,p), 3He(-y,pd), and 3He(-y,pp)n reactions.
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Table 3.4 Pion peak channel numbers and the gain ratios
reaction E, (MeV) run # pion peak channel
H(t ,P) 275 52 573
310 49 373
420 22 284
474 64 288
2H(7 ,p)n 275 51 309
310 47,48 324,317
420 19,21 294,289
474 65,66 275,275
3H(7,PP)n 275 50,53 249,312
310 44,45,46 321,304,305
350 7,8,9,10 316,314,308,310
420 11,12,13,14 303,309,300,303
474 60,61,67 282,282,286
3He(7,pd) 350 1 338
350 6 319
For telescope single arm events, many pions would be counted 
with resulting increased computer time. To avoid counting too many 
pions in the experiment a two-level (HIGH-LOW) hardware threshold 
was set on S5 and SI (or S2). Pions, located in the LOW-LOW region 
of the two dimensional plot of ADC1 (or ADC2) versus ADC5, were 
rejected (Fig. 3.20)
For single proton events the signal had to pass a divider to 
reach the MAIN trigger and so the total events counted were 
dramatically reduced. It met the needs of the inclusive cross 
section measurement for the 2H(7 ,p) reaction. But for coincidence 
events, the signal bypassed the divider and went through a 
coincidence AND logic unit to reach the MAIN trigger. Therefore the 
design satisfied the requirements of both measurement.
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The pedestal, which is the noise signal level of the 
experimental system, was recorded by means of a random signal 
generator. The random signals, like any event signal, triggered the 
data acquisition system during the beam time and recorded the pulse 
height of the noise signal.
3.6.3 Data acquisition
The data acquisition equipments included a Nord computer, 
CAMAC crates, electronic interface, and software programs.
The various event triggers were: proton, neutron, pion, the 
generator trigger of the random signal and the coincidence event 
trigger. When the electric logic circuit determined the occurrence 
of a valid event the gates of the ADC, the pattern unit, and the 
scalers would be opened and the TDC would be started. Meanwhile the 
event signal was sent to the CAMAC to receive data to be written 
to a buffer, and to be processed by the on-line program SADE. A 
signal of the general veto gate then stopped all the discriminators 
and all the scalers to prevent a new event from being acquired. The 
veto gate was opened by a signal from the general trigger and was 
reset by a signal from the computer. After the acquisition had been 
finished, a reset signal would be given out by the computer. Then 
the veto signal stopped and the ADC and TDC data in registers were 
cleared.
There were two data buffers. When one was filling with data, 
the other was being written on magnetic tape or the data was being 
sent to the computer to be analyzed by the on-line software
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program. The TDC and ADC spectra and scaler list were produced for 
display to monitor the progress of the experiment.
There were four pattern units, three for telescope 1, 2, 3 and 
one for the spectrometer, respectively. Each unit had 16 bits, but 
only 11 bits were used for each telescope pattern unit and 8 bits 
were used for the spectrometer pattern unit. The bits of the 
telescope pattern unit represented: SI, S2, S3, S6, the proton 
divider, pp coincidence event, pn coincidence event, pion, A AND 
logic unit, B AND logic unit, and the 'generator' signal. The A (or 
B) logic unit selected the protons with LOW-HIGH (or HIGH-LOW) ADC 
thresholds of S5 vs. SI (or S5 vs. S2) (Fig. 3.22). The bits of the 
spectrometer represented ZEBRA 1, 2, 3, and MELANGE A, B, C, D, and 
RAPP (Fig. 3.6)
All TDC's had 2048 channels with 50 ps for each channel and 
were regrouped into 64 channel. The ADC had 1024 channels and had 
been regrouped into 16 channels.
Scalers recorded the number of events in each of the telescope 
scintillators, the pn and pp coincident events, the triggers of A 
and B logical units. Also the Scalers give out the conditional and 
unconditional quantameter readings which represent the total photon 
energy deposited in the quantameter and the deposited photon energy 
excluding the amount when the computer is busy and not accepting 
any events.
3.6.4 Energy calibration
The cross section of the 3He(7,pp) reaction is small and is
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very sensitive to the energy calibration. The kinematics of the 
experiment was chosen in the quasi-free region of the two-nucleon 
(2N) mechanism with zero neutron recoil momentum. In the Impulse 
Approximation for the 2N mechanism the cross section of the 
3He(7 ,pp) reaction is proportional to the neutron momentum 
distribution in 3He given by the factor EXP(-(p„/94)2). So the cross 
section changes slowly with pn near pn=0, but it rapidly decreases 
as pn gets bigger. To satisfy the condition of the quasi-free 
reaction, the average neutron recoil momentum was kept as small as 
possible and only events in a few channels were taken for each data 
point. So mispositioning the cuts for selection of the protons, due 
to a wrong energy calibration, could cause serious mistakes in the 
final cross section results.
The scintillator 5 of the telescope was calibrated with the 
reaction 3He(7 ,pd) in two different kinematics shown in Table 3.5. 
The proton was detected in the telescope and the deuteron in the 
spectrometer.
Table 3.5 Kinematics of the reaction 3He(7,pd)
What we wanted to investigate was the relationship of the 
proton momentum versus the ADC channel number of S5. Here the 
proton was just created after the nuclear reaction in the target.
central proton 
E7 (MeV) ffp momentum (MeV/c) 
232 123° 473
299 82° 593
central deuteron
run 1 
run 6
momentum (MeV/c) 
619 
619
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For the final state of only two outgoing particles, proton and 
deuteron, and with a bremsstrahlung beam, the momentum of the 
deuteron was measured by the spectrometer and its scattering angle 
was set, so the kinematics was totally determined. The momentum of 
the proton could be calculated as well as the photon energy. 
Corresponding to the central momentum value of each scintillator 
of the MELANGE A,B,C,D at the focal plane of the spectrometer 
(section 3.5.1), a sharp proton peak was clearly visible in the 
momentum spectrum of the telescope. The plot of the proton momentum 
versus the channel number, shown in Fig. 3.21, gives the energy 
calibration of the telescope for different gains.
This measurement revealed a non-linear relationship between 
the pulse height of the telescope and the proton momentum due to 
the geometrical configuration of the S5, which contradicted a 
linear relationship of the calculated result from the quenching 
function0*079’:
T. = 0.95Tp - 8.0[ 1.0 - exp(-0.lTp°'90) ] 
where T, and Tp are respectively the energy loss of an electron and 
a proton of the same pulse height.
3.6.5 Consistency check of the energy calibration
The events for the inclusive reaction 2H(7,p) were obtained to 
check the energy calibration in one more independent way and the 
results were compared with the Bonn data**26*’. Four kinematics were 
chosen (Table 3.1, but no E.-350 MeV energy point data). The 
differential cross section of the Bonn data was put into a Monte
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Carlo program simulating the conditions of the present experiment 
and the output were the telescope ADC histograms of proton counts 
versus channels. The response function of the telescope, the photon 
bremsstrahlung spectrum and the energy calibration curve obtained 
from the 3He(7 ,pd) reaction were input to the program. Fig. 3.22 
shows a comparison of the Bonn data with present experimental data 
for the energy point E.=474 MeV. The agreement between the two sets 
of data for all the four energy points is better than 20%, which 
is consistent with a previous measurement*"”88’. The double check 
reconfirmed that our energy calibration was successful. A detailed 
description of the data processing and the Monte Carlo program are 
presented in Appendix 2.
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CHAPTER IV 
DATA PROCESSING OF THE 3He(7,pp)n EXPERIMENT
4 _ s_ l Introduction
For this experiment the reactions that can generate 
coincidence events are as follows:
1. 3He(7,pp)n;
2. 3He(7 ,pn)p;
3. 3He(7,pn)p followed by a (n,p) happening in the target 
and simulating a pp event;
4. 3He(7,pjr+)nn and 3He(7,pw‘)pn;
5. 3He(7,pp)nx;
6. 3He(7 ,pd).
For reaction 1 and 2, np and pp events had different triggers, 
as described in Chapter 3, and these two kinds of events were 
sorted by choosing corresponding pattern unit bits. Reaction 3 
created false pp coincidence events and these events have been 
subtracted as described in section 4.3. For reaction 4, the pions 
detected in the telescope were rejected either by a LOW-HIGH two- 
level hardware threshold or by software pion cuts, details are 
presented in section 3.6.2 and in Appendix 2 respectively. For 
reaction 5, due to the kinematical cut the missing energy is 
smaller than 140 MeV (Table 3.1) and thus eliminates the 
possibility of having an additional pion in the final state. The 
events of reaction 6 were also rejected from an ADC spectrum of the 
spectrometer and also from the telescope AE vs. dE/dX two­
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dimensional spectrum.
±12____Selec.tion_of pp coincidence events
The conditions for selecting good proton events for the 
2H (7 ,p)n reaction, such as pion cuts, TDC and ADC cuts, were also 
imposed on the coincidence data of the 3He(7 ,pp) reaction at the 
corresponding electron beam energy (Appendix 2). But here for the 
pattern unit the bit for pp coincidence events was selected instead 
of the bit for proton single arm events. Also a cut was applied on 
the combined TDC spectrum of left-right time difference with a 
start signal from S5 of the telescope and a stop signal from the 
spectrometer. Fig. 4.1 shows the combined TDC spectrum. The 
coincidence events located in the peak were selected.
The accidental events have been subtracted. In the combined 
TOF spectrum, accidental events falling on both sides of the 
coincidence peak were subtracted from the events in the coincidence 
peak. The number of channels taken for accidental events was equal 
to the number of peak channels.
The pile-up events, when both the SI and S2 scintillators were 
hit, were rejected. But the number of these events were counted and 
the ratio of these events to the good pp events was calculated to 
be about 6-8% and a correction was made for this effect.
Lil Subtraction of false pp events
While performing the 2H(7,p)n experiment, pp and pn 
coincidence events were also collected. The ratio of the counts of
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these two kinds of events represents the neutron conversion ratio, 
of which the neutrons are defined by the neutron trigger. To the 
first order of accuracy corresponding to zero recoil momentum, this 
ratio is equal to the ratio of the false pp events to the pn events 
in the 3H(7,pp) experiment.
The combined TOC spectrum was used to select the pn 
coincidence events and to subtract the accidental events for the 
3He(7,pp) experimental data. The procedure was similar as for the 
pp coincidence events.
The neutron conversion ratio is a function of the neutron 
energy or momentum. For a different beam energy the neutron 
momentum distribution is different as well as the neutron 
conversion ratio. A typical value of the neutron conversion ratio 
is about 2% in the present experiment. The average neutron 
conversion ratios are equal to 0.012, 0.018, 0.027, and 0.035
respectively for energy points 275 MeV, 310 MeV, 420 MeV and 474 
MeV. There was no 2H(7 ,p) data for energy point 350 MeV and the 
neutron conversion ratio of this point was assumed to be 0.020. The 
number of false pp events was calculated and subtracted channel by 
channel with the following formula:
number of false pp events [3He(7,pp)] =
number of pn events [3He(7,pn)] x neutron conversion ratio.
neutron conversion ratio =
number of pp events [ZH(7 ,pp) ]/number of pn events [2H(7,pn)].
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4-l4 Unfolding of the data
From Fig. 3.17, which shows the telescope response function, 
it can be seen that for mono-energetic protons the pulse height has 
a distribution and about 20% of the events (specifically in this 
figure) do not fall in the peak but in the tail. Therefore for the 
original experimental data, the proton events in one ADC channel 
included events from protons with larger kinetic energies 
corresponding to higher ADC channels. In order to calculate the 
differential cross section the original data had to be unfolded to 
make a correction for the 'tail' effects.
To unfold the data, the original events in one channel were 
sorted into two kinds. The events located in the peak were kept; 
the events located in the tail were subtracted and brought back to 
the channel where their corresponding peaks were located. After 
the correction, the number of total counts is a little more than 
before (less than 1%), because the events which belonged to the 
tail events and had been cut by the hardware threshold, were 
brought back. The second feature of the corrected data is that the 
counts in the higher channels are more than the original counts, 
whereas the counts in lower channels are less.
The histograms of the original experimental data and the 
unfolded results are shown in Fig. 4.2 for the data point at 474 
MeV.
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 Extraction of the cross section
For the 3He(7 ,pp)n experiment the relationship of the 
experimental counts in a channel, which corresponds to momentum 
width Ap2, and the differential cross section (dsa/dn1dn2dp2) is:
N^t = d5a/dn1dn2dp2 x Ntg x N7 x Anx x A02 x Ap2 4.1
Navt: number of coincidence events;
Ntg: number of 3He nuclei in the volume of the beam-target
intersection V, Ntg = VA x p3He/G;
V: volume of the intersection = n x 1. 52 x 7.0 (cm3);
p3H,: density of 3He = 0.0720 g/cm3 at temperature of 2.5 K;
G: gram-mole of 3He = 3;
A: Avogadro constant = 6.02 x 1023 atom/gram-mole;
N7: photon number corresponding to a given energy width AE7,
N7=CXQXKX (dN7/dE7/ED) x(8E,/api) Apl.
where:
dN7/dE7/E0: photon bremsstrahlung beam spectrum (unit N7/MeV2) 
produced by a mono-energetic electron beam, and 
normalized to the total photon energy;
C: calibration constant of the quantameter: 2.16*1018
MeV/Coulomb;
Q: reading of the quantameter;
K: sensitivity of the quantameter, 10 nh/100 kHz.
QxK has units of Coulombs; and AE= (dE/dPi)Ap3, where Apt is the 
proton momentum acceptance width of the spectrometer and for three-
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body kinematics dE/dpx is expressed by Eq. 3.4.
The experimental cross section is equal to the product of the 
theoretical cross section and the ratio of the experimental number 
of events to the predicted number of events.
, . experimental counts
experimental d a  = theoretical d a  x ---------------------  4.2
predicted counts
4_s_6 Monte Carlo simulation
A comparison of the experimental results with the theoretical 
prediction requires use of a Monte Carlo program to simulate the 
experimental conditions. The value of the theoretical cross section 
is substituted in to Eq. 4.1 to obtain the number of events 
predicted by the theory and the experimental differential cross 
section is deduced from Eq. 4.2. This method is model dependent.
The target is not a single point. The point A, in Fig. 3.7, 
where the photon reacts with one of the 3He nuclei is evenly 
populated in the beam-target intersection volume.
The point C is chosen randomly in the entrance window of the 
spectrometer and AC is the trajectory of proton 1. The momentum p: 
is evenly taken within the range of the momentum acceptance of the 
spectrometer for each nominal value. The solid angle of the 
spectrometer corresponding to point A is calculated by the function 
shown in Fig. 3.9.
The point B is chosen randomly on the surface of SI and S2, 
and AB is the trajectory of proton 2. The momentum p2 is also
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randomly chosen within the kinematical limits: the upper limit is 
due to the photon beam energy or the electron beam energy and the 
lower limit is due to the minimum energy loss on the way from the 
target to S5. Then d2 and <t>2 are fixed. Using the energy calibration 
curve, Fig. 3.21, and the response function of S5 (no tail), the 
corresponding ADC channel number of the telescope can be 
determined.
All the kinematical parameters of px and p2 are substituted 
into Eq. 3.3 and Eq. 3.4 to obtain the photon energy E7 and the 
value of dE7/dpi, which, combined with the bremsstrahlung spectrum, 
will be used to calculate the photon number. Then the momentum and 
the direction of the neutron and the angle of the neutron relative 
to the photon direction in the C.M. of the neutron and proton 2 
system, as well as the invariant mass of neutron and proton 2 can 
be easily deduced.
The differential cross section (d5a/dn1dn2dp2, in nb/(sr2 
MeV/c)) can also be expressed as a function of the invariant mass 
of the outgoing neutron and proton 2, the photon energy, and the 
momentum of proton 2.
To calculate the numbers of events corresponding to the 
theoretical cross sections for the two-body mechanisms and two-body 
plus three-body, the theoretical results of the cross section were 
put into the Monte Carlo program. To simulate the experimental 
condition, the energy calibration curve, the response function (no 
tail) of S5, the solid angle of the spectrometer as a function of 
the distance d (section 3.5.2), and the bremsstrahlung spectrum
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were also put into the Monte Carlo program. The predicted number 
of events in each ADC channel of the telescope was obtained with 
Eg. 4.1 and was normalized to the photon number. In this way the 
number of pp events predicted by the theory is weighted by the 
theoretical cross section, and so the results of the cross section 
are model dependent. The experimental differential cross section 
is calculated by Eg. 4.2.
For the five electron beam energy points the differential 
cross sections dso/dft1dn2dp2 as a function of the proton momentum are 
shown in Fig. 4.3 and the data are listed in Table 5.1, in the 
column exp. dso. The theoretical prediction of the cross sections 
for the 2N and 2N+3N mechanisms shown in the figure are from Ref. 
LAG88.
The experimental cross section can also be calculated model 
independently. The phase space in one channel is summed up over the 
number of times of the calculation in the Monte Carlo program, and 
then it is normalized by the photon number. With the following 
eguation:
d5a/dn1dn2dp2 = / (Ntg x N7 x Anx x Afl2 x Ap2)
we obtained the model independent experimental cross section which
is also listed in the Table 5.1, in the column exp. dsa(MI).
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Table 5.1 Cross sections of 3He(7,pp) reaction
E,=275 MeV:
P2 exp. dso(MI) exp. ds<7 6d5a th. ds<T (3N+2N) th. dso(2N)
403 7.8 7.9 1.4 6.9 5.6
430 8.7 8.7 1.4 7.8 6.7
458 13.2 13.1 1.5 7.7 6.3
487 14.0 13.9 1.7 7.1 4.9
516 14.1 14.4 2.1 7.1 3.3
545 14.0 14.8 2.8 8.0 2.2
E.=310 MeV:
Pz exp. dso(MI) exp. dsc Sd5a th. d5CT(3N+2N) th. d5<T(2N)
404 9.7 9.6 1.2 5.6 4.4
431 12.3 12.3 1.3 7.5 6.1
459 16.1 16.1 1.5 9.3 7.6
488 18.7 18.5 1.6 10.4 8.0
517 16.3 16.1 1.6 9.9 6.4
547 18.2 18.6 1.9 9.4 4.0
581 13.4 13.8 2.3 9.7 2.1
E.=350 MeV:
Pz exp. d5a(MI) exp. dsa 5dsa th. d5a(3N+2N) th. d5o(2N)
403 6.8 6.9 1.0 4.1 2.7
430 8.7 8.7 1.1 5.9 4.1
458 13.3 13.3 1.3 9.0 6.7
487 16.8 16.8 1.5 13.1 9.9
516 23.2 23.0 1.7 16.2 11.8
545 20.8 20.6 1.6 14.9 9.7
578 15.1 15.1 1.7 11.4 5.6
615 6.8 6.8 1.5 8.1 2.3
E.=420 MeV:
Pz exp. dsa(MI) exp. d5a *d5a th. d5<J(3N+2N) th. d5a(2N)
406 5.9 5.9 1.1 8.8 4.9
433 8.5 8.5 1.2 8.8 4.9
462 10.6 10.6 1.2 8.9 5.6
491 15.0 15.0 1.5 13.2 8.4
521 19.6 19.5 1.8 18.7 13.2
552 18.8 18.7 1.8 20.3 14.6
587 13.8 13.7 1.5 15.1 10.2
626 10.0 9.7 1.4 7.7 4.3
56
Table 5.1 Cross sections of 3He(7,pp) reaction
E.=474 MeV:
P2 exp. dso(MI) exp. ds<r 6d5a th. d5<r(3N+2N) th. d5o(2N)
410 3.5 3.5 1.1 6.3 3.1
440 5.6 5.7 1.2 6.6 3.2
471 5.7 5.7 1.1 6.9 3.2
503 8.7 8.7 1.3 8.1 4.3
535 8.8 8.8 1.3 11.4 7.8
570 12.8 12.7 1.6 15.2 12.4
609 12.9 12.7 1.6 14.9 13.0
655 13.0 12.6 1.8 9.2 8.0
P2: momentum of proton 2, units MeV/c.
exp. d5a(MI): model independent experimental cross section,
units nb/(sr MeV/c).
exp. d5o: experimental cross section, with the predicted
number of events weighted by the theoretical crc
section.
th. dso(3N+2N): theoretical cross section including both three- 
and two-nucleon mechanisms, 
th. dso(2N): theoretical cross section including only two-
nucleon mechanism.
4.7 Cross section in the small neutron recoil momentum region
We are also interested in the cross section with small neutron 
recoil momentum. But in the present experiment, limited by the 
moderate resolution of the telescope and the small cross section, 
the data can not be binned with very small proton momentum width 
in each channel.
The outputs of the Monte Carlo program were analyzed to find 
the central channel corresponding to the minimum average neutron 
recoil momentum. Events for the channels in the central channel 
region were summed up. For each energy point, it is required that 
the average neutron recoil momentum be within the interval 55±2
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MeV/c and the FWHM of the photon energy between 45 and 55 MeV. The 
angles between p: and the photon direction in the p:p2 CM system is 
always within 75.0°±0.5°. For all the five energy points, and the 
theoretical cross sections were evaluated under the same 
kinematical conditions. The two dimensional histogram of neutron 
recoil momentum versus pt from the Monte Carlo simulation, for the 
energy point 310 MeV is shown in Fig. 4.4. The values of data 
points, the model independent cross sections, and the theoretically 
predicted cross sections are listed in Table 5.2. The point of the 
zero neutron recoil momentum is located at the vertex of the curve.
Fig. 4.5 and Fig. 4.6 are respectively the histograms of the 
photon energy and the neutron recoil momentum for the events in 
channels chosen from Fig. 4.4. The final results of the 3He(7 ,pp)n 
differential cross sections (model dependent results), as well as 
the comparison with the predictions are shown in Fig. 4.7.
Table 5.2 Cross section of 3He(7 ,pp) in small 
neutron recoil momentum region
E, AE, Pn exp. d5a(MI) exp. dsa «d5a th. dsa(3H+2M) th. d5a
231 55 56 11.2 11.1 0.7 7.3 5.4
253 50 54 14.4 14.6 0.7 8.6 6.5
290 50 54 16.6 16.9 0.7 12.4 9.1
336 45 53 17.8 17.8 1.0 17.6 12.2
414 50 54 12.8 12.7 1.2 15.0 12.7
E7: photon energy for the data point, units: MeV.
ae7. FWHM of photon energy, units: MeV. 
pn: neutron recoil momentum, units: MeV/c.
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4_sJ Error analyses
Statistical errors:
The counts of the pp coincidence events of the 3He(7 ,pp)n 
reaction were obtained as follows:
N«vm»t “ [ (Npp — N„) ■ C01 • C02 — Npn • R. ] Cq3
where:
Npp is the number of the pp coincidence events selected in the 
peak of the combined TDC spectrum.
Na is the number of the accidental pp coincidence events.
C01 is a coefficient to correct for the events lost by the pion
cuts.
C02 is a coefficient to correct for the rejected S1-S2 pile- 
up events.
is the number of the pn coincidence events in the 
3He(7 ,pp) experiment.
R. is the ratio of the pp events to the pn events in the 
2H(7 ,p) experiment.
C03 is a coefficient from the unfolding procedure.
So the error bar (counts) is equal to:
AN.™ , =  C03y ( N .+  Npp) -C012 -C022 + R*2 "Npn.
The error bars shown in Figure 4.8 and Figure 4.4 are: 
A (d5a) = d3a x AN^.nt/N.v.nt.
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Systematic errors:
The beam intensity was not allowed to change by more than ±5%. 
Therefore the uncertainty of the total photon energy deposited in 
quantameter is estimated to be 3%.
The density of the 3He varied between 0.0685 g/cm3 and 0.0796 
g/cm3, so the uncertainty is about 8%.
The change of the diameter of the target is estimated to be 
less than 1.5%.
The diameter of the beam spot was 3 cm, which corresponds to 
1.5% uncertainty of the solid angle of the telescope.
The uncertainty of the solid angle of the spectrometer is 
estimated to be less than 1%.
The uncertainty of the number of the pp coincidence events is 
estimated to be about 1%, by shifting the pion cuts of one channel.
The uncertainty of the width of the px momentum is about 3% 
which corresponds to half of the momentum width of a ADC channel 
of the focal plan scintillators of the spectrometer.
The uncertainty of the width of the p2 momentum is about 10% 
which is estimated with the energy calibration curve (Fig. 3.21) 
of the telescope.
The uncertainty of the cross section, due to 1% uncertainty 
of the p2 momentum corresponding to the 8-channel shift in the ADC 
spectrum, is estimated to be less than 1%.
Quadratically summing up all contributions, for the model 
independent cross section results in Table 5.1 and 5.2, the 
systematic error is ±14%. For the model dependent results in Table
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5.1 and 5.2, an additional uncertainty of ±4% due to different 
models used as input to the M.C. simulation should be included, 
bringing the total systematic uncertainty to ±15%.
4^5 Ratio of_the_cross sections: 3He(-*.pp) to 3He(-v.pnl
In order to obtain this ratio, the neutron efficiency, which 
is about 11% to 13%, was extracted from the 2H(?,p)n data. The 
efficiency was estimated over the whole momentum range of the ADC 
spectrum of the telescope and for each energy point it was equal 
to the ratio of the pn coincidence events and the single arm proton 
events of the spectrometer. The efficiency includes the correction 
(by a factor of about 1.33 to 1.38) for the solid angle of the 
telescope which could not cover the whole area of the neutron 
trajectory when the proton went in to the spectrometer. For photon 
energy above 250 MeV, the 2H(7,p) reaction is dominated by the pion 
photoproduction channel, so the single arm events include both NN 
and NNir events and the efficiency is under-estimated. An assumption 
is made that in the quasi-free region the neutron efficiencies for 
3He(7 ,pn) and 2H(7,pn) is the same for a given electron beam energy. 
The lower limits of the ratio of the cross sections of 9He(7 ,pp) to 
3He(7 ,pn) were estimated to be 0.027 and 0.035 for energy points 
420 MeV and 474 MeV respectively. The average recoil momenta of the 
third nucleon were 80 MeV/c and 91 MeV/c for these two energy 
points, respectively. Due to the hardware threshold part of the pp 
events were lost (estimated to be less than 12% and 10% 
respectively) and the under-estimated neutron efficiency causes
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more pn events. So the ratio of the pp events to the pn events 
represents the lower limit of the cross section ratio. For a better 
result, estimates were made only for the energy points of 420 and 
474 MeV, because for these two points the proton peaks are located 
in higher channels of the ADC spectrum so that the events cut by 
the hardware threshold were less.
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CHAPTER V 
DISCUSSION AND CONCLUSION
Our experiment is in the energy region from 200 MeV to 475 MeV 
where the A excitation plays an important role (it also dominates 
the 3He(7,pp) reaction at guasi-free kinematics, though the lowest 
order of the AN intermediate state is suppressed) and the three- 
nucleon effects do occur.
At lower energies, from 200 MeV to 350 MeV, the experimental 
results, for average neutron recoil momentum about 50 MeV/c (see 
Fig. 4.7), are about 30-70% larger than the predicted values. This 
might indicate that the two-nucleon contributions are under­
estimated, because at low momentum transfer the three-nucleon 
effects do not make significant contributions. For virtual meson 
double scattering, the pion propagator and the form factors at each 
vertex considerably reduce the amplitude. The energy behavior of 
the experimental and the theoretical cross sections is similar to 
the behavior of the 7D-*pn reaction cross sectionLAG84). This 
similarity may be due to the fact that in the theoretical 
calculation the same two-body operator is used as for the 7D*pn 
reaction. In both cases the contribution from A-N interaction in 
the intermediate state is not included. The cross section excess 
in this range may also be a hint that other 3N mechanisms, which 
cannot be reduced to sequential 2N scattering (such as 7N-»A->N)nr, 
jrirNN-*NN), should also be considered. Fig. 4.3 shows the position 
of the peak corresponding to the 2N absorption, but the
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contribution of 3N mechanisms is not negligible already in the 
quasi-free region and dominate the spectra elsewhere as predicted. 
Although the theoretical cross section are still too small for low 
photon energies, the 3N mechanism provides us with a good overall 
understanding of the shape of the proton spectrum. Since the 
theoretical calculation is based on the diagrammatic phenomenology, 
it can be improved by adding or removing diagrams to investigate 
the reaction mechanisms and dominant reaction channels. For the 
calculation of the 3He(7 ,pp) reaction, the parameters are 
calibrated by the experimental data for the one-body and two-body 
systems. It is difficult to know the degree of accuracy of those 
parameters for a three-body system.
In the high photon energy region from 350 MeV to 474 MeV, as 
can be seen in Fig. 4.7, the predicted cross sections are close to 
the experimental differential cross sections.
As mentioned in Chapter 1, the ratio of the cross sections of 
(7,pp) to (7 ,pn) was measured to be about 6% on 9Be and 12C, and the 
ratio of the cross sections of (jr',pn) to (*r*,pp) on 3He is measured 
to be also 6%. The hindrance for both of them is due to the 
suppression of the lowest order of the A intermediate state. For 
the present experiment the lower limit of the ratio of the cross 
sections of 3He(7,pp) to 3He(7,pn) is estimated to be 2.7% and 3.5% 
for energy points 420 MeV and 474 MeV, with mean recoil momenta of 
80 MeV/c and 91 MeV/c, respectively. In Fig. 2.1, which pertains 
to a scattering angle of the recoil nucleon of 45°, one sees that 
the cross section of 3He(7,pn) decreases rapidly as the proton
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recoil momentum gets larger and at the recoil momentum of about 100 
MeV/c this ratio is equal to a few percent. Our results are in 
general agreement with this prediction. We do not have the 
corresponding calculation results for 3He(7,pn) and thus can not 
give a quantitative comparison. For the two energy points 420 and 
474 MeV, the theoretical calculations of the 3H(7 ,pp) cross 
sections agree well with the experimental data. A further check of 
the cross section ratio with smaller photon energy width and 
smaller recoil momentum would require an acurate measurement of the 
3H(7,pn) cross section in the same kinematical domain.
To summarize, the 3He(7,pp) reaction cross section has been 
measured for the first time in the quasi-free 2N kinematics. 
Despite its exploratory nature, this measurement confirms the 
predicted quenching of the 2N contribution, and is in analogy with 
the results of pion absorption (x',pn) on 3HeM0I8*,BAC85,AHI86>: both of 
them show suppression for absorption on a T=1 nucleon pair. In 
photon absorption also, as in pion absorption, this hindrance is 
connected to the unfavorable spin and parity of the possible AN 
intermediate stateSIL8*}. In addition the results indicate a sizeable 
contribution of 3N mechanisms away from the quasi-free 2N 
absorption peak. Clearly, the detailed study of 3N processes calls 
for an experiment which would accordingly select the phase space 
where their contribution is maximized.
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APPENDIX 1
DATA PROCESSING OF 3He(7,pd) REACTION FOR ENERGY CALIBRATION
To process the data, the following steps have been taken:
1. Determination of the pedestal value:
The pedestal is the ADC channel value observed in the absence 
of a real event and it represents the room background and the 
random noise of the phototube and other electronic devices. The 
average value of the pedestal of each run was subtracted from the 
ADC value event by event. This correction was performed not only 
on 3He(7 ,pd) data, but also on the data of the reactions: H(7 ,p), 
2H ( 7 , P )  and 3H e ( 7 , P P ) .
2. Imposing the coincidence condition:
The coincidence condition was satisfied if the bit of the 
coincidence event of the pattern unit was set to 1, which meant 
that the proton trigger of the telescope had fired and also the 
spectrometer had a triple coincidence of the three scintillators 
Ra, Ra1 and Ra".
3. Selection of protons:
Possible coincidence events in this experiment were pd, pp, 
and ird. Protons were detected in the telescope and pions could mix 
with those protons. The pions were cut in a two dimensional plot 
of SI (or S2) versus S5 and details are described in Appendix 2. 
Also there were TDC cuts set on the time spectra of SI and S2 for 
selecting protons of good timing.
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4. Selection of deuterons:
To reject the pp events, deuterons had to be selected from the 
spectra of the spectrometer. The combined TDC spectrum showed two 
separate peaks of protons and deuterons. With the same momentum the 
proton mass is smaller and their time of flight is shorter. So the 
peak in the lower channels was the proton peak and it was cut off. 
Each of the MELANGE scintillators A, B, C and D, shown in Fig. 3.6, 
had a different momentum acceptance and so each required a 
different TDC cut.
5. Rejecting pile-up events:
Events were rejected if both SI and S2 were fired. For those 
events, the pulse height in S5 was the sum of the signals of two 
particles and it provided wrong information.
6. Calculation of the proton momentum for the 3He(7 ,pd) reaction:
The proton momentum, corresponding to the central momentum 
value of each MELANGE scintillator, was calculated with the 
kinematical equation. Correction was made for the energy loss of 
the deuteron in the target. The results of the relationship of the 
proton momentum and the channel number are shown in following 
table:
Table A1 Proton momentum and corresponding channel number
run 1 run 6
MELANGE A B C D A B C D
proton momentum 
(MeV/c)
509 498 487 476 647 629 611 593
proton peak 
channel
432 401 377 351 675 652 620 584
The energy calibration were further corrected by the gain 
changes as described in section 3.6.4.
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APPENDIX 2
DATA PROCESSING OF ZH(7,p) REACTION FOR THE CONSISTENCY 
CHECK OF THE ENERGY CALIBRATION
Single arm (telescope) proton events were collected for a 
consistency check of the energy calibration.
1. Kinematics and cross section
The kinematics of the experiment was chosen the same as that 
of the experiment 3He(-y,pp)n (see Table 3.1.1). Following are 
relevant kinematical equations:
Md + E7 = Ep + E„
P7 - Pp + Pn
Mp2 - M„2 - M„2 + 2MdEn ___
E. = — ------------------  A2.1
2(Md + pnz - En)
d&T _ ^(EpPn’Pp ~ EnPp )
~ “ A2 • 2
apP pPEp(p„-p7 - e„e7)
The equation converting the solid angle from lab frame to C.M. 
frame of the pn pair is:
anCB. sin30c.n. Mpc.n.i s — x --1 i £2 • 3
anlab sin3fllllb EPc.m. + E7Ee.B cosae.a.
where E is the total energy of proton and neutron; M is the 
invariant; EC.D. and peiB. are respectively the energy and the 
momentum of the proton in the C.M. frame; and 0C.B. is the proton
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scattering angle in the C.M. frame.
The relationship of the differential cross section and the 
number of events in one channel is:
N.v.nt = da/dn x n7 x Ntg x An.
N7: number of photon, which is calculated in same way as 
described in section 4.5. But here for events in one ADC channel, 
AE=(dE/dpp)App, where App is the proton momentum width of the 
corresponding ADC channel.
Ntg: number of deuteron atoms in beam-target intersection, of 
which the calculation is similar to the calculation of aHe in 
section 4.5; but the density of deuterium is equal to 0.165 g/cm3 
at temperature of 2.5 K, and the gram-mole of deuterium is 2.
All: solid angle of telescope, 21.0 msr.
da/dd: differential cross section (unit nb/Sv), which is a 
function of the proton scattering angle d in C.M. frame of the pn 
pair, and the photon energy. The Bonn data were used and were 
numerically put into the Monte Carlo program.
2 .  D a ta  p r o c e s s i n g
A. Subtraction of the background
To subtract the background events originating in the target 
wall, measurements were made with a hydrogen target. For each of 
the four electron beam energies, 275 MeV, 310 MeV, 420 MeV and 474 
MeV, the data with the hydrogen target were taken under the same 
experimental conditions as that of 2H(7,p) experiment. These data 
were processed with the same TDC and ADC cuts and the events were
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selected under the same conditions as the corresponding electron 
energy point of the 2H(7,p) reaction. The quanta number, which 
represented the flux of photons, was normalized, and then the 
number of the events with the hydrogen target was subtracted from 
the events of the corresponding 2H(7,p) reaction channel by 
channel.
B. Selection of good proton events
1) A check was made of the proton trigger identification bit from 
the binary number of the pattern unit.
2) A cut was made in the TDC spectrum of each scintillator of the 
telescope.
3) The events for which both SI and S2 were hit were rejected. 
The ratio of those events to the good events was calculated 
and a correction was made to the total events.
4) Pions were cut. A correction was made for the lost protons due 
to the pion cuts. Typically 3-5% of the protons were lost due 
to the pion cuts and 10-18 percent pions (to the number of 
pions cut by the pion cuts) mixed into protons. The 
uncertainty of the proton counts was estimated to be 3% by 
shifting the pion cuts by one channel.
C. Determination of the pion cuts
Though the hardware pion cuts, on a two-dimensional plot of 
S5 verses SI (or S2), rejected many pions, there were still many 
pions left outside the rectangular LOW-LOW region (see Fig. 3.20). 
Also because the proton region and the pion region overlapped 
partly, it was necessary to estimate the percentage of the residual
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pions in the proton region and the percentage of protons lost due 
to the pion cut. A correction could then be made based on these two 
estimations. To find the reasonable two-dimensional ADC cuts, the 
following steps were taken:
1) First, protons were located on the upper-right region of 
the two-dimensional plot of ADC 5 versus ADC 3 (see Fig. A2.1). ADC 
cuts were made channel by channel along the proton peak in the 
plot. In the region above the cuts were 'pure' protons, with very 
few pions mixed in them. In same way cuts for selecting 'pure' 
pions were set at the lower-left corner of the plot and in the 
region under the cuts there were few protons.
2) Those 'pure' protons selected from the plot of ADC 5 versus 
ADC 3 then were plotted on another two dimensional plot of ADC 5 
versus ADC 1 (or ADC 2). The same was done for the 'pure' pions. 
Looking at the two plots of ADC 5 versus ADC 1 (or ADC 2) for 
'pure' protons and 'pure' pions respectively, the pion cuts were 
made channel by channel, keeping as many protons as possible but 
without too many pions mixed into them. Then two ratios were 
calculated: the number of protons lost due to the pion cuts were 
about 3-5% of the protons selected, and the pions remained in the 
protons were about 10-18% of the pions rejected. The corrections 
has been made for both of them.
The Monte Carlo simulation method was used to obtain the 
number of events using the Bonn 2H(-y,p) cross section data as input 
under the present experimental condition. The energy calibration, 
the response function of the telescope, the bremsstrahlung spectrum
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and the efficiency of the solid angle of the spectrometer were put 
into the program. The number of events was normalized to the total 
photon number of the experiment. A comparison of the present 
experimental data with Bonn data is shown in Fig. 3.22.
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FIGURE CAPTIONS
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1.1 Real photon absorption cross section in a resonance 
region. The solid line is the response of hydrogen.
1.2 IN, 2N and 3N photon absorption processes in three-body 
break up channel.
1.3 Feynman diagrams for Born terms and A term 
corresponding to the amplitude of the 7N-»Nir reaction.
1.4 Relevant diagrams for the two-pion photoproduction 
reaction on a nucleon.
1.5 Photodisintegration cross section for the deuterium.
1.6 Cross sections for one-pion and two-pion 
photoproduction on a proton.
1.7 Comparison for cross sections of 7p-»njr+, Ap-*pir0,
7n->pjr' and 7n-*njr°.
1.8 Cross sections of the reactions 7D-*nnjr+ and 7D-*ppjr" at 
(0x)iab=46«5°/ when E7=299 MeV. The broken lines include 
only quasi-free contribution, whereas the full lines 
include also final state N-N interaction.
1.9 Cross sections for photoabsorption on 3He.
1.10 The quantity pu(p) when the McGee parameterization of 
the deuterium wave function is used.
2.1 Predicted cross sections of 3He(7 ,pp)n and 3He(7 ,pn)p.
The undetected nucleon is emitted at 45° and the 
mass of the detected pair is 2160 MeV. The dotted and 
dash-dot curves represent the contributions of the
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two-body mechanisms, without and with final state 
interactions respectively. The dashed and solid lines 
represent the contributions of both two-body and 
three-body mechanisms, without and with the absorption 
of ir0 by a np pair.
3.1 Kinematics of the experiment.
3.2 Experimental setup.
3.3 Calculated photon bremsstrahlung spectrum for E,=474 
MeV.
3.4 Target and cooling system.
3.5 Relationships of T-P and T-p of 3He.
3.6 '700'-spectrometer and focal plane scintillators.
3.7 Coordinate system of the target and the spectrometer.
3.8 Geometrical limits of the spectrometer.
3.9 The solid angle as a function of the distance between 
the point where the particle is created and the central 
trajectory.
3.10 The solid angle as a function of the scattering angle.
3.11 Momentum shift of the spectrometer system.
3.12 Response function of the spectrometer.
3.13 Experimental resolution of the spectrometer; ' + ' and 'o'
are with 2H and 3He targets, respectively.
3.14 Electronics of the spectrometer.
3.15 Telescope stack.
3.16 Energy loss vs. thickness for proton in 
scintillation.
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3.17 Response function of S5.
3.18 The ratio of the proton events in the peak to the total 
events (S5).
3.19 Electronics of telescope system.
3.20 Two-level hardware threshold.
3.21 Energy calibration curves for different gains.
3.22 Consistency check of the energy calibration for the 
point E.=474 MeV.
4.1 Subtraction of accidental events in a LEFT-RIGHT time 
difference TOF spectrum.
4.2 Histograms for the original and the corrected event 
number.
4.3 Experimental cross sections of 3He(7 ,pp)n.
4.4 Two dimensional histogram of neutron recoil momentum 
vs. proton momentum for E, = 310 MeV.
.5 Neutron recoil momentum spectrum for the events chosen 
from the channels corresponding to small recoil momentum 
region for E, = 310 MeV.
.6 Photon energy spectrum for the events chosen from the 
channels corresponding to small recoil momentum region 
for E, = 310 MeV.
.7 Cross section of 3He(7,pp)n in quasi-free region. The 
average neutron recoil momentum is within the interval 
55±2 MeV/c and the FWHM of the proton energy is between 
45 and 55 MeV. The angles between pt and the photon 
direction in the pxp2 CM system is 75.0°±0.5°.
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A2.1 Telescope single arm events in a two dimensional plot 
Of ADC3 VS. ADC5.
A2.2 Selected pions in the two dimensional plot of ADC1 vs. 
ADC5.
A2.3 Selected protons in the two dimensional plot of ADC1 
vs. ADC5.
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